Performance of a high-work low aspect ration turbine tested with a realistic inlet radial temperature profile by Moffitt, T. P. et al.
CSCL 21L Uncia s 
G ~ / u 7  19450 
%formame A 
;Catio Turbine Tested with a Realistic 
det ,  kadial remperature Profile 
of a High-Work Low Aspect 
. .  
Roy G .  Stabe, Warren J .  Whitney, 
and Thomas P. Moffitt 
Lewis Research Center 
Cleveland, Ohio 
Prepared for the 
Twentieth Joint Propulsion Conference 
cosponsored by the AIAA, SAE, and ASME 
Cincinnati, Ohio, June 11-13, 1984 
https://ntrs.nasa.gov/search.jsp?R=19840016521 2020-03-20T22:23:54+00:00Z
PERFORWUlCE OF A HI6WKIRK LOU ASPECT RATIO TulBINE TESTED 
YITH A REALISTIC INLET RADIAL TEMPERATURE PROFILE 
Roy 6. Stabe, Warren J. Mhitney, and Thomas P. Uoff i t t  
National Aeronautics and Space Administration 
Lewis Research C e n t e r  
Cleveland, Ohio 44135 
Abstract 
Experimental i esu l t s  are presented f o r  a 0.767 
scale model o f  the f i r s t  stage o f  a two-stage tur- 
bine designed for a high by-pass r a t i o  engine. The 
turbine was tested w i th  both uniform i n l e t  condi- 
t ions  and wi th  an i n l e t  rad ia l  t w e r a t u r e  p r o f i l e  
s i w l a t i q  engine conditions. T h e  i n l e t  tempera- 
tu re  pr.  i l e  was essent ia l ly  mixed-out i n  the 
rotor. There was also substantial underturning o f  
the e x i t  f l a w  a t  the mean diameter. Both o f  these 
e f fec ts  were attr ibuted t o  strong secondary flows 
i n  the ro to r  blading. There Yere no s ign i f i can t  
dif ferences i n  the stage perforoance with e i ther  
i n l e t  condit ion when differences i n  t i p  clearance 
were considered. Performance was very close t o  























Nanenclat ' re  
vane o r  blade height, cm 
chord axial  length, cm 
diameter, cm 
2 2  k ine t i c  energy loss coeff ic ient ,  V /azd 
speci f ic  work, J/kg 
ro ta t i ve  '"2, rpm 
pressure, N/ abs 
spacing, cm 
absolute temperature, K 
blade velocity, mlsec 
absolute gas velocity, mlsec 
re la t i ve  gas velocity, mlsec 
mass flow, kglsec 
ax ia l  dir qsional, cm 
absolute gas f low angle measured from ax ia l  
direct ion, deg 
re la t i ve  gas f low angle measured from ax ia l  
direct ion, deg 
r a t i o  of speci f ic  heats 
r a t i o  of  i n l e t  t o t a l  pressure t o  U.S. 
standard sea-level pressure, po/p* 
function o f  y used i n  re la t i ng  parameters 
t o  those using a i r  i n l e t  condit ions at  
U.S. standard sea-leve co i t ions,  
t o t a l  ef f ic iency (baseJ on i n le t - to ta l  t o  
ex i t - t o ta l )  pressure r a t i o  
squared r a t i o  o f  c r i t i c a l  ve loc i ty  a t  
turbine i n l e t  t o  c r i t i c a l  velocity,,at 
U.S. standird sea-level a i r  (Vcr/vcr)2 
1 - 2 2  / v l d  
(0.73959ly)C ( v + l )  l : :  ' 1 (y' 'if 
Subscript. 
c r  
i d  ideal process 
m mean section 
0 s ta t ion  a t  CERTS i n l e t  
X a x i a l  d i rect ion 
1 s ta t ion  a t  turbine i n l e t  
2 stat ion a t  stator e x i t  
3 s ta t ion  a t  turbine e x i t  
condit ion corresponding t o  M x h  number of 
un i ty  
w u t e  t o t a l  s ta te  
0 r e l a t i v e  t o t a l  s ta te  
* U.S. standard sea-level condit ions 
-- average value 
(teaperature equal t o  288.15 K pressure 
equal t o  10.132N/m2 abs x lo4 psia) 
Sumnary 
Experimental resu l ts  are presented f o r  a 0.767 
scale model o f  the f i r s t  stage o f  a tuo-stape tur-  
bine designed f o r  a high by-pass r a t i o  engine. The 
turbine was tested with both uniform i n l e t  condi- 
t ions  and with an i n l e t  rad ia l  t w e r a t u r e  p r o f i l e  
simulat ing engine conditions. The i n l e t  tespera- 
tu re  p r o f i l e  was essent ia l ly  mixed-out i n  the 
rotor. There was also substantial underturning o f  
the e x i t  f low a t  the mean diameter. Both of these 
ef fects were a t t r ibu ted  t o  strong secondary f lows 
i n  the ro to r  blading. There were no s ign i f i can t  
dif ferences i n  the stage performance w i th  e i ther  
i n l e t  condit ion when dif ferences i n  t i p  clearance 
were considered. Performance was very close t o  
design in ten t  i n  both cases. 
Introduction 
The modern high bypass r a t i o  a i r c r a f t  engine, 
i n  cor.>arison t o  e a r l i e r  engines, requires a higher 
speci f ic  work, lower equivalent f low high pressure 
turbine due t o  higher engine pressure rat ios.  
t h i s  turbine were designed w i th  conventional s ta to r  
angles of  about 65'. the resu l t  would be a turbine 
w i th  transonic Mach numbers, very short blades, 
and, consequently, poor performance. Very f l a t  
s ta to r  angles, 75 or more from axial, a l l ev ia te  
these problems. But turbine perform nce cor re l  - 
indicate tha t  there i s  a substantial penalty f o r  
using such large s ta to r  angles due t o  increased 
tJrning and secondary f low losses. However, by 
care fu l l y  designing the blading f o r  good Surface 
ve loc i ty  d i s t r  1 but ions using computational tech- 
niques such as Refs. 3 and 4, much of the penalty 
Cue t o  high turning might be avoiaed. The e f f f -  
ciency could then be maintained a t  essent ia l ly  the 
same level  as a more conventional turbine designed 
f o r  a low bypass r a t i o  engine. 
t u rb i re  blading f o r  use i n  high bypass r a t i o  
engines i s  i n  progress a t  the NASA Lewis Research 
Center. A series o f  stator vdnes designed f o r  
good surface ve loc i ty  d i s t r i pu t i on  and w i th  e x i t  
an-les ranging f r o m  67 t o  80 was tested i n  a two- 
dimensional cascade. The results, reported i n  
Ref. 5, show a modest increase i n  the energy loss 
coef f i c ien t  from 0.02 f o r  the 67' vane t o  0.025 
f o r  the 80 vane. This small increase i n  loss 
would a f fec t  the e f f i c iency  o f  a two-stage turbine 
w i th  a 75' s ta to r  by only about 0.1 percent. This 
paper presents the tes t  resu l ts  o f  the f i r s t  stage 
If 
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An invest igat ion of  the character ist ics o f  
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of a twa-stage high pressure turbine sui table f o r  
use i n  a high bypass r a t i o  engine. 
tbe engine size turbine, i t  was tested i n  the NASA 
lewis Res 
section uhich generates i n l e t  rad ia l  teqterature 
and pressure p ro f i l es  s imi la r  t o  those found i n  
f l i g h t  engines. The turbine was tested w i th  i n l e t  
t w e r a t u r e  and pressure p ro f i l e  a t  design speed 
and pressure rat io.  The pr inc ipa l  object ive o f  
these tes ts  was t o  determine haw much the h igh ly  
loaded, low aspect r a t i o  blading of t h i s  turbine 
would attenuate the i n l e t  temperature pro f i le .  
PerforrPdnce tes t ing  was done over a range of speeds 
and pressure ra t i os  with uniform i n l e t  conditions. 
I n  both cases, a t  design speed and pressure rat io,  
rad ia l  surveys o f  i n l e t  t o t a l  pressure and tenper- 
ature and also o f  e x i t  t o t a l  pressure, teaperature 
and flow angle were made 2-112 chords downstream 
of the rotor. Addit ional surveys of e x i t  t o t a l  
teraperature were aMde a t  locations 314 and 1-112 
chords downstream of the rotor. Same o f  these 
resu l ts  were conpared t o  an analyt ical  procedure 
i n  Ref. 7. This paper presents a descript ion of 
the turbine design, turbine performance i n  terms 
of  mass flow, speci f ic  work and e f t  iciency and 
compares the resu l ts  of  the e x i t  rad ia l  surveys 
with uniform i n l e t  conditions and with an i n l e t  
rad ia l  temperature pro f i le .  
The t e s t  turbine was a 0.767 scale d e l  o f  
h Center's Warm Core Turbine Test 
Fac i l i t y .  'iv This f a c i l i t y  includes an i n l e t  
Apparatus and Procedure 
Turbine Design 
The tes t  turbine was t o  be the f i r s t  stage o f  
a two stage high pressure turbine sui table f o r  use 
i n  a high bypass r a t i o  engine. The design point  
conditions used i n  the design were s imi la r  t o  those 
o f  the Energy E f f i c i en t  Engine Program. These are 
l i s t e d  i n  Table I .  A paramtr ic  study was done t o  
aid i n  determining the overal l  turbine geometry. 
The c r i t e r i a  used i n  t h i s  study were: subsonic 
blading, reasonable blade height, and ro to r  turning 
l imi ted t o  about 110' a t  the mean section. A tu r -  
bine with a 60.96 cm (24 in.) mean diameter and a 
75' s tator e x i t  angle best met these c r i t e r i a .  
This was then scaled down t o  a mean diameter o f  
46.736 cm t o  better match the warm core turbine 
t e s t  f ac i l i t y .  The balance of t h i s  discussion 
pertains t o  the 0.767 scale model turbine. 
The turbine veloci ty diagrams are shown i n  
Fig. 1. The stator and ro to r  geometry are l i s t e d  
i n  Tables I1 and 111, respectively. The stator 
vane i s  a constant section, constant angle design 
and both stator and ro to r  endwalls are cy l i nd r i ca l  
t o  s impl i fy manufacture. The ro to r  i n l e t  was 
designed t o  accept the stator e x i t  f low w i th  zero 
o r  s l i gh t  negative incidence as calculated by 
Ref. 3. The ro to r  ou t le t  i s  a free-vortex design. 
Both vane and blade axial  chords a r e  constant 
radial ly.  The dimensions of the ax ia l  chords and 
also of the leading and t r a i l i n g  edge r a d i i  were 
kept s i m i l a r  t o  an ear l ier ,  more conventional and 
which consid- lL18) This was more l i g h t l y  loaded core tu rb i  erable tes t  data i s  available. 
done t o  keep the aspect ra t i os  and leading and 
t r a i l i n  edge geometry o f  the two turbines similar. 
The effqciency of  the reference turbine, 0.89 ad- 
justed t o  1 percent t i p  clearance, was also used 
as the design point o f  the subject turbine i n  the 
absence of  recent published data on the performance 
o f  h i  l y  loaded, higlcturning vanes and blades. 
face ve loc i ty  d is t r ibu t ions  uhich would maintain 
t h t s  eff iciency. A second object ive was a low 
number o f  blades. This fu r ther  increases loading 
but it decreases coolfng a i r  requirement and cost. 
The f i n a l  design had 26 vanes and 48 blades. 
The methods o f  Refs. 3 and 4 were used t o  
calculate the surface velocit ies. A t r i a l  p r o f i l e  
was l a l d  out and the ve loc i t ies  calculated. The 
p r o f i l e  was changed as necessary and the process 
repeated unt i l  a sat isfactory surface ve loc i ty  
d i s t r i bu t i on  was obtained. The f i n a l  vane and 
blade surface w l o c i t f e s  f o r  the hub, wan and t i p  
sections are shorn i n  Figs. 2(a) and (b), respec- 
t i ve ly .  The vane and blade coordinates are l i s t e d  
i n  Tables I V  and V. 
The blade sections were stacked t o  form a 
ru led  surface t o  s imp l i f y  machining. The stacking 
ax is  i s  a rad ia l  l i n e  through the section cen- 
troids. This procedure corproeised the surface 
ve loc i ty  d i s t r i bu t i on  a t  the hub section where 
there i s  a d i f f us ion  on the pressure surface near 
the leading edge which would cause a separation 
bubble a t  t h i s  location. A modif icat ion o f  these 
blades i s  i n  progress which w i l l  el iminate t h i s  
problem. The vanes were stacked on a rad ia l  l i n e  
a t  71.4 percetit o f  the ax ia l  chord. This resu l ts  
i n  a larger stream sheet thickness i n  the throat 
region o f  the hub section and reduces the suction 
surface ve loc i t ies  a t  t h i s  location. Photographs 
of the stator and ro to r  ins ta l led  i n  the tes t  r i g  
are shown i n  f igs.  3 (a j  and (b), respectively. 
The $ jec t i ve  was t o  design the blading u i t h  sur- 
Test F a c i l i t z  
A photograph o f  the turbine t e s t  f a c i l i t y ,  
which has been described i n  some d e t a i l  i n  Ref. 6, 
i s  shown i n  Fig. 4. The turbine i n l e t  a i r  was 
supplied from the laboratory 40 psig combustion 
a i r  system. The pressure was control led wi th a 10 
in. manually operated main valve and a 6 in. auto- 
mat ica l l y  control led bypass valve. The a i r  was 
heated w i th  3 can-type combustors using natural  
gas as fuel.  The a i r  f low was measured w i th  a 
cal jbrated comnercially avai lable venturi  meter. 
The fue l  r a t e  was measured w i th  a f low nozzle. 
A f te r  passing through the turbine the a i r  was 
th ro t t l ed  t o  the laboratory a l t i t ude  exhaust system 
through a 24 in. b u t t e r f l y  valve. 
current dynamometer and dissipated, as heat t o  the 
cool ing water, i n  the dynamometer stator. The 
turbine output torque was measured w i th  a brushless 
ro ta t i ng  torque meter which was ins ta l led  on the 
shaft between the turbine and dynamometer. A back- 
up torque measurement was also made on the dyna- 
mometer stator. The turbine ro ta t i ve  speed was 
measured w i th  an electronic counter and a 60-tooth 
gear which was mounted on the turbine shaft. 
was adjusted by ind iv idua l l y  con t ro l l ing  and meter- 
i ng  the f low of  coolant a i r  through each o f  the 
four CERTS i n l e t  section infusion s lo t s  shown i n  
Fig. 5. CERTS i s  an acronym f o r  "Combustor E x i t  
Radial Temperature Simulator." 
The turbine power was absorbed w i th  an eddy 
The turbine i n l e t  rad ia l  temperature p r o f i l e  
2 
Test Rig Instrumentation covers the resu l ts  o f  the e x i t  rad fa l  surveys of 
temerature. D V V S S U ~ ~  JUJ f lw m a l e  a t  desian 
Test r i g  i n l e t  (s ta t ion  “Om) terperatUW UP- sp&d and p&sure rat io.  The r e i u l t s  f o r  t6e 
stage operating with an i n l e t  rad ia l  t eqe ra tu re  
p r o f i l e  are collpared with the resu l ts  obtained 
with unif om i n l e t  conditions. 
stream o f  the CERTS s lo t s  was measured with 20 
thefmocouples, f i v e  on each o f  the four i n l e t  
struts. 
The as ‘age turbine i n l e t  (s ta t ion  “Im) tem- 
perature was calculated from measured f low r a t e  
and temperature values o f  primary and CERTS a i r  
flows. S ta t i c  pressure was determined from f i v e  
s t a t i c  taps each on the inner and outer wall. 
Also a t  t h i s  plane uere two -11 shielded t o t a l  
temperature probes and one t o t a l  pressure probe 
mounted i n  actuators f o r  rad ia l  surveys o f  turbine 
i n l e t  t o t a l  pressure and temperature. The pressure 
probe’s stem was e l e c t r i c a l l y  insulated from the 
turbine casing so that probe contact wi th the hub 
wa l l  could be detected. The probe t i p  was a 0.5 rn 
tube f lat tened t o  0.35 m. The resul tant  tempera- 
tu re  and preswre  p ro f i l es  taken a t  design point  
condit ions at-‘ shown i n  f ig .  6. Both the tempera- 
tu re  and pressure p r o f i l e s  contr ibute t o  an ou t l e t  
rad ia l  veloci ty p r o f i l e  wh affected ana ly t i ca l l y  
determined secondary f lows i f ! . 
Sta t i c  pressure between the s ta to r  and ro to r  
( s ta t i on  ”2”) was determined f r o m  17 s t a t i c  taps 
each on the hub and t i p  walls. These taps were 
c losely spaced across one vane e x i t  passage. 
The turbine e x f t  (s ta t ion  “3”. 2-1/2 blade 
chords downstream o f  blade e x i t )  instrumentation 
consisted of  s i x  s ta t i c  taps each on the hub and 
t i p  walls and four canbination probes. 
probes were mounted i n  sel f -a l igning actuators and 
were used f o r  rad ia l  surveys o f  t x i t  f low angle, 
t o t a l  temperature, and t o t a l  pressure. 
Additional rad ia l  e x i t  temperature surveys 
were taken at  3/4 and 1-1/2 blade chords downstream 
o f  the blade exi t .  Three touch probe clearance 
measuring devices were spaced around the outer 
casing over the ro to r  blade t o  measure clearance. 
Also, vane surface s ta t i c  pressure d is t r ibu t ions  
were determined from 10 s t a t i c  taps each on the 
vane hub, mean, and t i p  location. 
These 
Procedure 
The turbine was tested with and without the 
CERTS a i r  turned on. Actual work output was deter- 
mined from torque, speed, and mass f l o w  ra te  meas- 
urements. 
temperature and calculated i n l e t  and e x i t  t o t a l  
pressures. 
Turbine i n l e t  temperature was calculated from 
a heat balance between the primary and CERTS flows. 
Turbine i n l e t  and e x i t  t o t a l  pressures were both 
calculated from cont inui ty based on measured s ta t i c  
pressures, mass f low rate, f low angles, and t o t a l  
temperatures. The e x i t  t o t a l  temperature was cal-  
culated from calculated values of  i n l e t  t o t a l  tem- 
perature and work output. 
Ideal work was based on i n l e t  t o t a l  
Results and Discussion 
The resu l ts  of  t h i s  investigation are pre- 
sented i n  two parts. 
Performance o f  the turbine stage operating wi th 
uniform i n l e t  conditlons. These include: mass 
f low, speci f ic  work, and e f f i c iency  data f o r  a 
range o f  speeds and pressure rat ios.  
The f i r s t  covers the overal l  
The second 
Overal l  Performance 
The var ia t ion  af equivalent mass f l o w  w i th  
total- to- total  pressure r a t i o  and speed i s  shown 
i n  Fig. 7. The curve i s  drawn through the design 
speed data. There i s  a small speed e f fec t  on the 
f low indicat ing tha t  the ro to r  control led f low. 
The ro to r  was apparently choked a t  higher pressure 
rat ios. A t  design pressure rat io,  2.36. the equiv- 
alent mass f low was 3.12 kglsec, 0.6 percent higher 
than the design v‘ lue. 
Equivalent spec i f i c  work f o r  the range o f  
t o ta l - t o - to ta l  pressure r a t i o s  and speeds invest i -  
gated i s  shown i n  Fig. 8. The turbine developed 
s l i g h t l y  more than design equivalent speci f ic  work, 
56 300 JlKg, a t  the design pressure ra t io .  There 
was very l i t t l e  d i f f e renc i  i n  speci f ic  work between 
the 100 and 110 percent design equivalent speed 
l ines  except a t  the highest pressure rat ios. The 
f lat teninq o f  the curves fo r  speeds less than 110 
percent indicated a l i m i t i n g  loading condit ion 
occurred a t  a total- to- total  pressure r a t i o  o f  
about 3.5. 
o f  speed and pressure r a t i o  as f o r  speci f ic  work 
i s  shown i n  Fig. 9. The indicated e f f i c iency  at  
design speed and pressure r a t i o  i s  0.895 compared 
t o  the design value o f  0.890. The peak e f f i c iency  
i s  0.902 a t  110 percent design speed and a to ta l -  
to - to ta l  pressure r a t i o  o f  2.6. There are no peak 
values f o r  the lower speeds. The e f f i c iency  drops- 
o f f  gradually a t  the lower pressure ra t i os  and then 
more rap id ly  as the l i m i t i n g  load condit ion i s  
approached. 
Rotor E x i t  Radial Survey Results 
The resu l ts  of  the rad ia l  surveys o f  ro to r  
e x i t  t o t a l  temperature a t  three ax ia l  locations 
are shown i n  Fig. 10. The data shown a t  3/4 and 
1-1/2 chords a x i a l l y  downstream of the ro to r  were 
measured with a s ingle actuated probe. A t  2-1/2 
chords the data i s  the average of measurements 
f r o m  four probes. The curves shown compare the 
e x i t  temperatures w i th  a uniform i n l e t  temperature 
t o  the e x i t  temperatures w i th  an i n l e t  rad ia l  tem- 
perature p r o f i l e  generated by the CERTS i r r le t  
( f i g .  6(a)). The data shown i s  normalized by the 
average i n l e t  temperature which was 672 K f o r  both 
i n l e t  conditions. Figure 10 shows tha t  there i s  
some mixing and f l a t ten ing  o f  the i n l e t  temperature 
p r o f i l e  as the f low moves downstream. However, 
the i n l e t  temperature p r o f i l e  i s  essent ia l ly  mixed- 
out 3/4 chords a x i a l l y  downstream of the rotor.  
The analysis o f  Ref. 7 shows strong secondary f lows 
i n  t h i s  blading. These secondary flows are the 
probable cause o f  the temperature mixing. 
The resu l ts  o f  rad ia l  surveys o f  e x i t  f l e w  
an l e  and also the e x i t  c r i t i c a l  veloci ty r a t i o  
calculated from measured t o t a l  pressure and wall  
s ta t i c  pressure are shown i n  Ffgs. I l ( a )  and (b), 
respectively. The data shown are the average meas- 
urements from four combination probes located about 
2-1/2 chords downstream o f  the r o t o r  ex i t .  The 
The stage t o t a l  e f f i c iency  f o r  the same range 
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corresponding r o t o r  r e l a t i v e  e x i t  f low angle and 
c r i t i c a l  ve loc i ty  r a t i o  are shorn i n  Figs. 12(a) 
and (b). Data are shown f o r  three i n l e t  condi- 
t ions: Uniform - 422 K, Uniform - 672 K, and the 
r a d i a l  temperature p r o f i l e  generated by the CRTS 
i n l e t  section ( f i g .  6(a)) also with an average 
tenperature o f  672 K. The rad ia l  var ia t ion  o f  e x i t  
absolute f low angle, shown i n  Fig. l l ( a ) ,  deviated 
substantial ly from design intent. A t  the m a n  
section the f low i s  underturned 13'. The flow 
angle var ia t ion f o r  a l l  three i n l e t  condit ions i s  
about the same from the hub wal l  t o  the blade mean 
section. From the mid-section t o  the t i p  wall, 
however, the rad ia l  var ia t ion i n  f low angle de- 
pended strongly on ro to r  t i p  clearance. The aver- 
age t i p  clearance f o r  each i n l e t  condi t ion i s  noted 
on Fig. l l ( a ) .  The annulus area average f low angle 
fo r  a uniform i n l e t  temperature o f  422 K, the con- 
d i t i o n  a t  which the performance data was taken, 
was 23.2 , 7' less than design. The rad ia l  varia- 
t ions  of  e x i t  c r i t i c a l  ve loc i ty  r a t i o  shown i n  
Fig. l l ( b )  are s imi lar  t o  each other f o r  a l l  three 
cases and seem less dependant on t i p  clearance. 
The e x i t  ve loc i ty  was higher than design a t  the 
mean section and lower a t  the liub wall. The com- 
b inat ion of  angle and ve loc i ty  resu l ts  show that  
there was a f a i r l y  large s h i f t  i n  mass f low from 
the hub t o  the mean section and tha t  there was a 
larger than design loss a t  the hub wall. The 
average value of  (V/Vcr)3, calculated from 
cont inu i ty  using 23.2 as the average f low angle 
and wal l  s t a t i c  pressure measurements was 0.384 
compared t o  0.394 design. The preponderance of 
underturning a t  the mean section was probably 
caused by secordary flows i n  the r o t o r  passage; 
the same mechanism responsible f o r  mixing the 
rad ia l  temperature p ro f i l e .  
The rad ia l  v a r i a t f m  of  r e l a t i v e  f low angle 
and e x i t  ve loc i ty  ra t io ,  shown i n  Figs. 12(a) and 
(b), respectively, were calculated from the data 
shown i n  Fig. 11 and t o t a l  temperature from the 
rad ia l  surveys. The rad ia l  var ia t ion i n  r e l a t i v e  
flow angle f o r  the two uniform i n l e t  conditions, 
which had the smallest t i p  clearance, were almost 
the same over the en t i re  blade span. The e f fec t  
o f  the larger t i p  clearance which occurred wi th  
CERTS i n l e t  condit ion i s  s t i l l  evident and resu l ts  
i n  about 3' more under turning over most of the 
blade span between the mean and t i p  sections. 
There i s  much less rad ia l  var ia t ion i n  the r e l a t i v e  
ve loc i ty  r a t i o  ( f i g .  12(b)), than there was f o r  
the absolute velocit ies. The r e l a t i v e  ve loc i ty  
r a t i o s  roughly pa ra l l e l  the design r a d i a l  var ia t ion 
but a t  a lower level. The average r e l a t i v e  f low 
angle and c r i t i c a l  ve loc i ty  ra t io ,  f o r  a uniform 
i n l e t  candit ion a t  422 K were 66.5' and 0.841, 
respectively, compared t o  the design values o f  
67.8' and 0.867. 
The ef f ic iency of  the turbine operating w i th  
e i ther  o f  the two uniform i n l e t  conditions was 
0.895. The r o t o r  t i p  clearance ranged between 0.5 
and 0.8 percent f o r  these conditions. The e f f i -  
ciency when operating wi th  a i n l e t  temperature 
p r o f i l e  was a point  less, 0.855 and the t i p  clear- 
ance was larger, 1.2 percent o f  blade height. The 
dif ference i n  ef f ic iency can be at t r ibuted t o  the 
larger t i p  clearance. Aside from the e f f e c t  o f  
t i p  clearance the performance of  t h i s  turb ine was 
essent ia l ly  the same wi th  an i n l e t  temperature 
p r o f i l e  o r  uniform i n l e t  conditions. 
A mean section ve loc i ty  diagram representative 
o f  the stage performance was calculated from data 
and i s  compared t o  design diagram i n  Fig. 13. The 
s ta to r  e x i t  ve loc i ty  was higher than design resul t -  
ing i n  about 5' pos i t i ve  incidence a t  the r o t o r  
i n l e t  and also lower than design r o t o r  reaction. 
The lower react ion accounts f o r  the lower than 
design r o t o r  ,:tit Velocit ies and a lso f o r  the 7' 
average undertdrning discussed above as more work 
uas done as a resu l t  o f  the higher r o t o r  i n le t  
targent ia l  Rlanentwn. The higher s ta to r  ve loc i t ies  
are a lso evident i n  the vane surface ve loc i t ies  
calculated from surface s t a t i c  pressure measure- 
ments. These are shown i n  Fig. 2(a). The surface 
ve loc i t ies shown a t  the vane hub section are h igh 
enough t h a t  they might have caused substant ia l ly  
higher than design loss a t  t h i s  section. 
would account f o r  the higher than design loss ob- 
served a t  the ro to r  e x i t  hub section ( f i g .  l l ( b ) ) .  
data and from the turb ine performance predic t ion 
method o f  Ref. 11 along with the design values are 
sumnarized i n  Table V I .  The s tator  loss determined 
from data was 0.073, substant ia l ly  higher than the 
design loss o r  the loss predicted by the reference 
method. The s ta to r  loss accounts f o r  about 1.5 
percent decrement i n  stage e f f i c iency  compared t o  
the design loss. The r o t o r  loss determined from 
data was 0.119 and agrees very we l l  wi th the pre- 
d ic ted loss. Both experimental and predicted loss 
are substant ia l ly  lower than the design value and 
account f o r  a two percent increase i n  stage e f f i -  
ciency compared t o  the design loss. The predicted 
efficiency, 0.907, appears at ta inable i f  the blad- 
ing were modified t o  restore design r o t o r  reaction 
and reduce the s tator  ve loc i t ies  p a r t i c u l a r l y  a t  
the hub section. 
This 
Stator  and ro to r  loss determined from t e s t  
Sumnary o f  Results 
A 0.767 scale model o f  the f i r s t  stage o f  a 
two stage high pressure turb ine designed f o r  a 
high bypass r a t i o  engine was tested i n  the Warm 
Core Turbine Test F a c i l i t y  a t  NASA Lewis Research 
Center. The turbine was tested with both uniform 
i n l e t  condit ions and w i th  an i n l e t  rad ia l  tempera- 
tu re  p r o f i l e  simulating engine conditions. 
(1) The turb ine met o r  s l i g h t l y  exceeded the 
design goals f o r  eff iciency, spec i f ic  work and 
equivalent mass f low a t  design pressure ra t i o .  
the r o t o r  e x i t  f low par t i cu la r ly  a t  the mean sec- 
t ion.  
average e x i t  f low angle was 23.2" compared t o  the 
30.2" design angle. A t  the mean section the under- 
turning was 13". From the mean t o  the t i p  blade 
sect ions, t h i s  underturning was strongly dependent 
on t i p  clearance. 
(3) The i n l e t  rad ia l  temperature p r o f i l e  was 
essent ia l ly  mixed out i n  the rotor .  Radial surveys 
o f  ro to r  e x i t  temperature a t  three ax la l  locations 
showed l i t t l e  dif ference between e x i t  temperatures 
when the turb ine operated wi th  uniform i n l e t  con- 
d i t ions  o r  w i th  an i n l e t  temperature prof i le .  
the overa l l  performance of  t h i s  turbine wi th  
uniform i n l e t  condit ion o r  with an i n l e t  rad ia l  
(2)  There was s ign i f i can t  underturning o f  
A t  design speed and pressure r a t i o  the 
( 4 )  There were essent ia l ly  no dif ferences i n  
4 
tenperature p r o f i l e  when differences i n  t i p  
clearance were considered. 
(5) Analy t ica l  studies avai lable a t  t h i s  
t ime indicate that  strong secondary f lows i n  the 
low-aspect ra t io ,  high turning blading caused both 
the ro to r  e x i t  f low undertuming and the i n l e t  
rad ia l  teoperature p r o f i l e  miAin5 observed i n  t h i s  
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ORfOfNAL PAW I9 
OF POOR QUALITY 
TABLE 1. - TURBINE DESIGN AND TEST CONDITIONS 
Wean diamerer. Dm, cm 
I n l e t  t o t a l  temperature, T i ,  K 
I n l e t  t o t a i  pressure, p i  , P ~ o - ~  
Mass flow, 13, Kglsec 
Specif ic work. Ah, J / K g ~ 1 0 - ~  
Rotative speed, N, rprn 
Total pressure rat io ,  P i / P j  
ldork factor, sh/( 
Flow factor, V,/U, 
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TABLE 11. - TURBINE STATOR GEOMETRY 












Mean diameter, C+,, cm . . . . . . . . . . .  46.744 
Vane height, b, cm . . . . . . . . . . . . .  3.564 
Axia'i s o l i d i t y ,  c x l s ,  . . . . . . . . . . . .  0.630 
Aspect r a t i o ,  b/cx . . . . . . . . . . . . .  1.000 
Number o f  vanes . . . . . . . . . . . . . . . .  26 
Leading edge radius, cm . . . . . . . . . . .  0.508 
T r a i l i n g  edge radius, cm . . . . . . . . . .  0.089 
Zweifel c o e f f i c i e n t  . . . . . . . . . . . . .  0.794 
Mean vane p i tch,  h, cm . . . . . . . . . . .  5.648 
Ax ia l  chord, cx, cm . . . . . . . . . . . . .  3.556 
ORlolNAL PA= I8 
OF POOR QUALm 
Mean diameter, h, cm . . . . . . . . . . . 46.744 
Mean blade pi tch,  s,,,, cm . . . . . . . . . . 3.059 
Blade height, b, cm . . . . . . . . . . . . . 3.564 
i Axial chord, cx, cm . . . . . . . . . . . . . 3.302 
Axia l  sol id i ty ,  cxls,,, . . . . . . . . . . . . 1.079 
Aspect ra t io ,  b l c ,  . . . . . . . . . . . . . 1.077 
Number of  blades . . . . . . . . . . . . . . . 48 
Leading edge radius, cm . . . . . . . . . . . 0.305 
T r a i l i n g  edge radius, cm . . . . . . . . . . 0.089 
Zweifel coef f ic ient  . . . . . . . . . . . . . 0.910 
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TABLE V.  - ROTOR BLADE COORDINATES 






















































Hub Mean T i p  
Orientation angle, deg 
I 
31.74 
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Overall 0.895 0.907 0.890 
2.360 2.239 
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(a) Inlet radial temperature variation. 
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(b) Stator inlet  pressure profiles. 
Figure 6. -Turb ine  inlet conditions. 
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Figure 8. - Equivalent specific work. 
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Figure 9. - Stage total efficiency. 
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Figure 10. - Comparison of exit radial temperature variat ion 
with u n i f o r m  in le t  and in le t  radial tem2erature profile. 
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(a) F!ow angle. 
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Figure 11. - Radial variation of 
rotor exit flow conditions, 2.5 
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(b) Velocity ratio. 
F igure 12. - Radial var ia t icn 
of ro to r  exit relat ive flow 
conditions, 2.5 chords 
ax ia l ly  down stream, 
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Figure 13. - Comparison of design and experimentally determined 
mean section velocity diagrams for uniform inlet conditions, 422 K. 
